In this work, ferroelectricity is identified in nanocrystalline BiFeO3 (BFO) thin films prepared by low temperature atomic layer deposition. A combination of X-ray diffraction, reflection high energy electron diffraction and scanning transmission electron microscopy analysis indicate that the as-deposited films (250ºC) consists of BFO nanocrystals embedded in an amorphous matrix. Post annealing at 650ºC for 60 min converts the sample to an epitaxial film on a SrTiO3 substrate. Piezoelectric force microscopy demonstrates the existence of ferroelectricity in both as-deposited and post-annealed films. The ferroelectric behavior in the as-deposited stage is attributed to the presence of nanocrystals. Finally, a band gap of 2.71 eV was measured by spectroscopic ellipsometry. This study opens broad possibilities towards ferroelectric oxides on 3D substrates but also for the development of new ferroelectric perovskites prepared at low temperature.
Preparation of functional oxide thin films at very low temperatures, over large areas and compatible with low-cost and flexible substrates offers great industrial potential. Ferroelectric perovskite oxides 1 have received much attention for use in memory storage 2, 3 micro-/nano-mechanical devices 4, 5 and also for photovoltaics applications. [6] [7] [8] The degree of crystal perfection required for these perovskites varies according to specific application. However, in general, high temperature thermal treatments and textured growth are required for improved functional properties. This adds complexity in the materials processing in device integration. 2, [9] [10] [11] [12] [13] [14] [15] [16] [17] One approach is to achieve locally high temperatures using laser annealing. [18] [19] [20] Alternatively, efforts have been made to develop new low-temperature synthesis routes for ferroelectric perovskite oxides; many of these are based on solution methodologies requiring processing temperatures of 300ºC-400ºC. [21] [22] [23] The unique characteristics of conformality, atomic scale control and low temperature deposition that ALD technique offers can have direct technological applications: well controlled interfaces, smaller and more demanding structures (3D substrates), increased density of devices, including those that require flexible and transparent substrates, that have been hindered by the high temperature thermal treatment constraints. 17, [24] [25] [26] [27] This cost-effective chemical deposition technique is based on a self-limiting surface reaction mechanism that makes it very attractive for area-selective deposition. In principle, this could allow simultaneous patterning for the growing films, which offers some advantages for hard-to-pattern materials relative to traditional top-down patterning techniques. 28, 29 ALD of ternary oxides such as perovskite oxides is still in its early stages. [30] [31] [32] Most asdeposited ALD films are amorphous or polycrystalline, although epitaxial oxides can also be obtained in the as-deposited stage (< 300ºC) using structurally compatible buffer layers and single crystal substrates. [33] [34] [35] [36] Among the ferroelectric perovskites, BiFeO3 (BFO) is a stable, lead-free material that simultaneously presents ferroelectric and magnetic order at room temperature. 9, [37] [38] [39] In the literature, resistive-switching and photovoltaic responses have also been reported. 7, 40 Preparation of stoichiometric BFO thin films by ALD is challenging due to the limited number of potential bismuth precursor chemistries which are compatible with the iron precursor under the same ALD conditions. Also, the volatility of bismuth can lead to the formation of undesired second phases and/or film non-stoichiometry. [41] [42] [43] In this work we show ferroelectricity of nanocrystalline BFO thin films prepared by ALD at 250ºC. The combination of Xray diffraction, reflection high energy electron diffraction and scanning transmission electron microscopy analysis indicate that the as-deposited films consists of BFO nanocrystals embedded in an amorphous matrix : post annealing at 650ºC yields an epitaxial film. Piezoresponse force microscopy analysis demonstrates ferroelectricity in both as-deposited and post-annealed films. Finally, spectroscopic ellipsometry investigations on nanocrystalline BFO revealed a band gap energy of 2.7 eV similar to that of bulk-BFO. These are encouraging results for ferroelectric perovskite oxides to break into many applications, including those that require flexible and transparent substrates, that have been hindered by the high temperature thermal treatment constraints.
Experimental
ALD of BiFeO3 films. BiFeO3 films were prepared in a Cambridge Nanotech Savannah flow-type reactor at 250ºC by alternate pulsing of bismuth tris(2,2,6,6-tetramethyl-3,5-heptanedionate) (Bi(thd)3) and ferrocene (Fe(Cp)2) combined with ozone (O3). The precursor pulse ratio Bi/Fe was optimized to 2/1 using a pulse time of 2 s and a purge time of 20s with an average deposition rate of 0.02 nm/supercycle to obtain the required film stoichiometry (1Bi:1Fe). Atomic ratio quantification performed by XPS in the as-deposited and post-annealed sample is shown in Figure S3 . The Bi(thd)3 source was maintained at 175ºC and the Fe(Cp)2 source at 90ºC. The number of supercycles was modified to achieve the desired film thickness. 5 x 5 mm 2 (100) strontium titanate (STO) substrates were cleaned by 5 minutes sonication in ethanol and dried with N2. Each deposition run was performed simultaneously on STO(100) and thermally grown SiO2/Si (100) substrates. Post-annealing treatment was carried out in a tube furnace in an oxygen atmosphere at 650ºC for 60 min.
BiFeO3 structural characterization. Phase purity and film crystallinity were studied using Rigaku Rotaflex RU-200BV Xray diffractometer with Cu-K =1.5418Å. Surface sensitive structural analysis was performed via Reflection High Energy Electron Diffraction (RHEED) in a kSA 400 RHEED system from k-Space inc., using an electron-gun acceleration voltage of 20 kV with 30 mA of beam current inside a UHV chamber. The incident angle of the incoming beam in respect to the surface plane was less than 3°, resulting in good surface sensitivity. Transmission electron microscopy (TEM) studies were performed by high angle annular dark field (HAADF) imaging in a probe aberration corrected JEOL ARM 200CF scanning transmission electron microscopy (STEM) with a cold field emission source operated at 200 kV, at Universidad Complutense de Madrid, Spain. The high angle annular dark field (HAADF) imaging mode yields Z-contrast images, in which the intensity of an atomic column is proportional to the square of the atomic number (Z). Specimens for STEM observations were prepared by conventional thinning, grinding, dimpling and Ar ion milling.
Ferroelectric characterization. Piezoelectric force microscopy measurements (PFM) were performed on BFO films prepared on Nb-doped strontium titanate (Nb:STO) substrates, with an Agilent 5500LS instrument equipped with a Signal Access Box and humidity conditions were kept below 5%. A DD-Sicona conducting tip (silicon, coated with boron-doped diamond) with a spring constant of 0.2 N/m was placed in direct contact with the BFO films. The AC frequency was set to ≈ 80 kHz, and its amplitude to 0.5V. PFM voltage hysteresis loops were performed after a dwell time of 3 ms for each voltage step. The cantilever deformation has been calibrated using a force-distance curve. The quantification of the displacement is detailed in the supporting information ( Figure S5 ).
Chemical composition: XPS measurements were performed at room temperature with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin, Germany) in a base pressure of 1x10 -10 mbar using monochromatic Al K radiation (1486.74 eV) as excitation source with a pass energy of 10 eV and step size of 0.05 eV for the high resolution spectra and 30 eV and 1 eV, respectively, for the survey spectra. To compensate charging effects, all spectra were calibrated with respect to the C1s peak at 284.9 eV. Spectra processing has been carried out after using a Shirley baseline for the background and Gaussian-Lorentzian curves to fit the different components.
Variable Angle Spectroscopic Ellipsometry : Variable angle spectroscopic ellipsometry (VASE) measurements were carried out using a SOPRALAB GES5E rotating polarizer ellipsometer that uses a Xe lamp as a light source and a CCD detector to record optical spectra from ca. 1.2 eV to 5.6 eV. For the analyzed system, the incorporation of a mixture roughness/air layer to the model does not modify the resulting optical parameters because of the BFO films are smooth, as observed from the topographic studies (see Figure 1 (d,e) ). The optical parameters of the Nb:STO substrate were obtained from a separate set of measurements of the bare substrate performed at different incidence angles (50º, 60º and 70º).
Results
Preparation of ALD-BFO films with thicknesses ranging from 15 nm to 35 nm has been optimized on (100) STO and (100) Nb-STO single crystal substrates, as described in the Experimental section. As-deposited and post-annealed ALD BFO thin films were analyzed by X-ray diffraction (XRD) -2 scans, see Figure 1(a) . For the as-deposited films, no BFO reflections are identified, whereas for the post-annealed films (650ºC for 60 min), the characteristic BFO reflections are identified and indexed based on the pseudocubic indices. 44 The c lattice parameter obtained for the post annealed film is 3.93Å, very close to the bulk value of 3.96 Å, suggesting these films are largely relaxed. Note that there are two preferred orientations, (00l) and (110). 2D-XRD -2 shows that these two preferred orientations appear as bright spots, ruling out a polycrystalline growth (see supporting information Figure S1 ). Pole figure analysis reveal that the in-plane relationship of the (110) Ex-situ reflection high energy electron diffraction (RHEED) was carried out in as-deposited and post-annealed films. The resulting images are shown in Figures 1 b and 1c , respectively. It can be seen that the (0,0) constructive interference spot (the highest intensity mirror reflection spot) is only visible in the annealed case, although the measuring geometry of the two samples is exactly the same. This suggests that the surface in Figure 1(b) is amorphous and thus only allows diffuse reflection/scattering. The annealed film on the other hand (Fig 1c) , shows clear cubic RHEED pattern, which unambiguously demonstrates the crystallinity of the film in the topmost area. The topographic images of as-deposited and annealed films, obtained by atomic force microscopy see Figure 1 (d,e) , respectively, reveal an homogeneous and smooth surface with RMS of 0.3 nm for as-deposited and 1.1 nm for post annealed films.
X-ray photoelectron spectroscopy (XPS) analysis confirmed a cation ratio Fe:Bi of 1:1 in the as-deposit and post-annelaed stage (see Figure S3-S4) . High resolution scans of the Bi(4f) and Fe(2p) regions are shown in Figure 2 (a) and (b), respectively. The Bi(4f) spectrum shows a Bi4f7/2 line centered at 158.9 eV, characteristic of the Bi-O bond 49 . From the Fe(2p) spectrum, binding energies for Fe 2p3/2 (710.7 eV), Fe2p1/2 (724.2 eV) and the satellite peak (718.5 eV) were extracted, which corresponds well with reference values for Fe2O3. 49 Figure 3a inset shows one of these nanoparticles with its corresponding FFT, which nucleated (110)-oriented on the surface substrate. Previous ALD studies on functional oxides performed in our group demonstrated that the low kinetics in ALD deposition can promote the formation of crystalline films at temperatures as low as 300ºC. 33, 34 The surface of the as-grown layer is amorphous, which is in agreement with the RHEED results. In contrast, an annealing converts it into a fully crystalline layer. Figure 3b shows a region of (001)-oriented BFO layer with a sharp interface on the STO substrate. Yet, the scanning transmission electron microscopy (STEM) studies also show the presence of (110) Piezoelectric force microscopy (PFM) 56 performed in a low-humidity atmosphere (<5%) was used to evaluate the ferroelectric nature of the BFO films on Nb:STO(100). The PFM-amplitude loop, Figure 4a , shows clear hysteretic behavior for as-deposited (blue) and post-annealed (black) samples, a signature of ferroelectric order. The ferroelectric nature of the samples is further supported by the 180º phase contrast of the PFM-phase loop shown in Figure 4b . The PFM displacement acquired at different AC voltages was used to extract the piezoelectric coefficient for both the as-deposited and annealed films, resulting in a dzz = 4 pm/V and 17 pm/V, respectively (see Figure S3) . These values are consistent with other reports for the piezoelectric coefficient of BFO thin films.
57 Figure 4c shows the PFM-phase image of the as-deposited sample after poling it with +8 and -8 V (Pdown, pointing to the substrate, and Pup pointing to the film surface, respectively). The observed phase contrast reveals that: i) the polarization in the as-deposited sample is preferentially Pup, and ii) the ferroelectric polarization is retained over the time scale of the measurement (<30 min). A similar analysis performed on the annealed BFO layer is shown in Figure 4d and it shows a sharp phase contrast, revealing better retention properties compared to the asdeposited one.
Topography recorded simultaneously during the PFM imaging of the figure 4c-d demonstrates no surface degradation. This suggests that electrochemical process at the tip-surface junction during the electric writing did not dominate the results. 58, 59 The presence of nanosized BFO crystals (6 nm diameter) in the amorphous matrix of the as-deposited sample (250ºC) observed in the TEM analysis (Figure 3 ) could explain the ferroelectric response identified by PFM. Theoretical calculations suggested that the minimal critical thickness in which ferroelectricity can be sustained is down to 2 nm. Also, ferroelectric nanocrystals, 62 nanoislands, 63 self-assembled nanostructures 64 and nanorods 65 of  3-5 nm have already been achieved for comparable crystalline size as the as-deposited ALD films. Therefore, it is likely that the nanosized ferroelectric crystals contribute to the ferroelectric nature of the BFO film. The amorphous matrix acts as a simple serial capacitance, lowering the retention of the ferroelectric polarization, 66 as revealed by the PFM analysis. These observations could explain what was previously identified as quasi-amorphous ferroelectrics [67] [68] [69] but strongly differs from an amorphous heteropolar electret. 2 On the other hand, the full crystallization of the film after appropriate annealing allows recovery of bulk-like properties (with better retention) of the epitaxial BFO film. Therefore, these results hold great potential to speed up ferroelectric oxide integration in more spatially demanding structures such as 3D semiconductor substrates for FeRAM, photovoltaic cells and nonvolatile reconfigurable logic. A crucial task towards achieving photoelectric applications is to establish the basic optical properties of the ALD BFO. The optical properties of as-deposited BFO thin films on Nb:STO have been evaluated by spectroscopic ellipsometry using a three-phase model consisting of air/BFO/Nb:STO, the experimental data were fitted according to the Tauc-Lorentz model. 70 Figure 5a displays the refractive index and extinction coefficient of as-deposited ALD-BFO films. The band gap was obtained from the extrapolation of E 2 to zero leading a value of 2.71 ±0.04 eV, see figure 5b. The refractive index and extinction coefficient as well as the band gap are in good-agreement with the previously published data of BFO thin films. [71] [72] [73] This indicates that the optical properties of the low temperature as deposited ALD BFO are already in the interesting range. Further manipulation of the band gap to lower values by chemical doping (easy task by ALD), should open interesting avenues for photovoltaic applications of these oxide perovskites.
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Conclusions
Ferroelectric nanocrystalline BFO thin films were obtained in the as-deposited stage at 250ºC on STO(100) single crystals using atomic layer deposition. After a post-annealing treatment, the nanocrystalline film transforms to a relaxed epitaxial BFO film with improved ferroelectric properties. These findings offer a plethora of new opportunities from different standpoints. The use of ALD assures low-cost, large-area and uniform depositions with huge versatility to form ferroelectric perovskite oxides on 3D substrates including semiconductors, with different sizes and shapes. Also it will open a new arena for materials design favoring the preparation of a wide variety of ferroelectric perovskite compositions and to be extended to other functional complex oxide materials allowing future studies on their physical properties. 
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